A two dimensional (2D) RNG k-e sediment model including the effects of secondary currents is developed to simulate the sediment transport and bed deformation in rivers with continuous bends. Non-uniform suspended and bedload sediment transports and the variation of effective bed material size distribution are included in the model. A semi-coupled scheme for sediment model is proposed, which can be used for simulating both the long-and short term sediment transport whenever riverbed changes. The model is applied to simulate the flow and sediment transport in the upper reach of the Yellow River which is a typical natural river reach with continuous bends. The river bed deformations caused by suspended and bedload sediments are investigated. Good agreement between the numerically simulated results and the field measurements is obtained, indicating that the model is capable of simulating the sediment transport and predicting the bed deformation of rivers having continuous bends with reasonable accuracy.
Introduction
Flow and sediment transport near hydraulic structures in rivers have been extensively studied using various approaches, such as theoretical analysis, laboratory experiments and numerical simulation. Among these approaches, numerical simulation has advantages in several aspects and has been increasingly used (Falconer, 1992; Guo et al., 2007) .
In natural rivers, the horizontal scale is usually much greater than the vertical scale; therefore, it is suitable to apply the depth averaged 2D model (Guo et al., 2012) . Generally speaking, numerical simulation using these models not only requires less computational time than three dimensional (3D) sediment models (particularly for large scale simulation), but also is more accurate than that of one dimensional (1D) sediment models. As a result, depth averaged 2D sediment models are widely applied in engineering to study sediment transport and river bed deformation. Nagata et al. (2000) developed a 2D sediment model for inviscid river banks. Hung et al. (2009) developed an unsteady 2D depth-averaged model for non-uniform sediment transport in alluvial channels, taking the transport mechanisms of cohesive and noncohesive sediment, the suspended sediment and bedload into account. Duan and Julien (2010) conducted 2D numerical simulation for a laboratory bend, considering transport of suspended sediment and bedload, and river bed deformation. Li and Millar (2011) developed 2D morphodynamic model of gravel-bed river with floodplain vegetation, considering the effects of riparian and floodplain vegetation on bank strength, floodplain flow resistance, shear stress partitioning, and bedload transport. Serrano-Pacheco et al. (2012) conducted two-dimensional bedload transport simulations, in which bedload transport is governed by a power law of flow velocity and by a flow/sediment interaction parameter.
Though these 2D sediment models have been widely used to simulate the sediment transport and bed deformation in river and open channels, many of them are either laminar model, zero equation turbulent model or standard k-e turbulent model. As such, they cannot be applied to simulate complicated turbulent flow and sediment transport in rivers with continuous bends in which the effect of secondary currents induced by the bends or curved channels is important. Some models were modified and taken the effect of secondary currents into account, but they can only be applied to simulate the regular bends in laboratory open channels, and are difficult to be applied to simulate flow and sediment transport in natural rivers with continuous bends. Therefore, these 2D sediment models need to be improved before they can be applied to simulate the natural rivers with continuous curves.
The RNG k-e model, developed from standard k-e model (Versteeg and Malalasekera, 1995) , has the advantages over the standard k-e model. For example, it is more accurate by adding an extra term in the e-equation; can be used to simulate the turbulent eddy with high accuracy and is applicable to simulate the flows of both the high and low Reynolds number (Jing et al., 2009 (Jing et al., , 2011 . In this study, a plane 2D RNG k-e sediment model is developed to simulate the flow and sediment transport in the Shapotou reservoir at the upper reach of the Yellow River with continuous bends. The effect of the secondary current on flow and sediment transport is taken into account in the turbulent model. Both the non-uniform suspended and non-uniform bedload sediment transport is included in the model. In addition, the variation of size distribution of effective bed materials is also simulated in the model. Depth averaged velocity, water level, transport of suspended sediment and the bed deformation caused by suspended and bedload sediment transports are investigated.
The governing equations of sediment models can be divided into two modules: flow module and sediment module. The first module includes flow continuous equation, momentum equations and turbulence equations, while the second module includes transportation equations of suspended sediment and bedload and bed deformation equations. Therefore, there are two basic schemes to numerically solve sediment models, i.e. coupled scheme and decoupled scheme. In the coupled scheme, the flow and sediment modules are solved simultaneously, while in the decoupled scheme, the flow module is solved first, then the sediment module. In other words, in the decoupled scheme, the flow module will no longer be run after the sediment module starts. Generally speaking, the coupled scheme is suitable for short time numerical simulation with the rapid change of the river bed. It is usually not suitable for long time numerical simulation of sediment transport due to the large CPU time consuming. On the other hand, the decoupled scheme is suitable for long time numerical simulation with the slow variation of river bed as it requires less computing time. Usually, the hydraulic elements, such as water level and velocity, change very slightly in the long time numerical simulation of sediment transport when river bed changes slowly. In this situation, it is not necessary to calculate the flow module every time step from the point of view of computing cost. However, after a certain time steps of running the sediment module, the river bed deformation accumulates to a degree that can significantly affect the flow elements. In this situation, the flow module needs to be run to account the effect of sediment transport and bed deformation on the flow field. However, in the decoupled scheme, the flow module is stopped forever after sediment module begins to run. Therefore, the decoupled scheme is unreasonable and needs to be improved in order to simulate the effect of the sediment transport on the flow field. This is one of the motivations of this work in which a semi-coupled scheme is developed by combining the advantages of coupled and decoupled schemes. In the proposed scheme, the sediment module keeps running, while the flow module runs intermittently. Therefore, the scheme is efficient and is less time consuming than the coupled scheme and is more accurate than the decoupled scheme. The semi-coupled scheme is not only suitable for simulating both the long and short time sediment transport, but is also capable of treating both the rapid and slow change of the river bed.
Mathematical model

The 2D depth averaged RNG k-e model in Cartesian coordinate
The 2D depth averaged RNG k-e sediment model includes two basic modules: hydraulic module and sediment module. The hydraulic module consists of the following equations (Versteeg and Malalasekera, 1995; Duan and Nanda, 2006; Serrano-Pacheco et al., 2012) : 
And the sediment module includes following equations:
In above equations: z is the water level; h is the water depth; u, v is the vertically averaged velocities in x, y directions, respectively; t is the time; k is the turbulent kinetic energy; e is the turbulence dissipation rate; g is the acceleration of gravity; n is the Manning's coefficient; 
and g by,L is deposition thickness, discharge per unit width in x and y directions of the Lth group bed load, respectively; P mL and P mL,0 is bed material compositions and original bed material composition, respectively; z b is the bed level, E m is the thickness of active layer; e 1 = 0(if the original river bed is scoured) or e 1 = 1(if the original river bed is deposited).
In (1)- (6), the effective viscosity (m e ) is the sum of the viscosity of water (m) and the eddy viscosity coefficient of water (m t ). The values and the calculation of some coefficientssuch as m t , P k , P kv , P ev , C Ã 1e ; C l ; a k ; a e , can be found in (Yakhot and Orzag, 1986; Rodi, 1993) .
Modified 2D depth averaged RNG k-e model in body fitted coordinates
As the river under investigation consists of several irregular bends where strong circulation flow exists, the 2D depth averaged RNG k-e sediment model usually cannot reflect the influence of such flow. Therefore, the model needs to be modified to take the influence of circulation flow into account.
To facilitate the description, the general control equations of the 2D depth averaged RNG k-e sediment model can be written in body fitted coordinates (BFC):
where the general variable U represents 1, u, v, k, e, S L in (1)-(6), respectively; n and g is the curvilinear coordinates along river bank direction and perpendicular to the river bank direction, respec-
n ; U and V is components of inverter velocity in n and g directions, respectively, U = uy g À vx g , V = À uy n + vx n ; C U is general diffusion coefficient; the source terms of the momentum equations (Eqs. (2) and (3)) are as following:
To simulate the influence of circulation flow of bend, extra source terms need to be added in the momentum equations. These new source terms are as following (Lien et al., 1999) :
in which the extra source terms can be calculated by
, R g is the curvature radius of the bend, k TS is the lateral exchange coefficient due to circulation flow and can be calculated by
where j is Karman constant which is related to the sediment concentration (see below), C is Chezy coefficient.
where S v is the sediment concentration by volume.The following key parameters need to be determined before the model can be applied for simulation.
Suspended sediment carrying capacity
Considering the effect of sediment concentration on Karman constant and silt deposition, Zhang and Zhang (1992) presented a semi-empirical and semi-theoretical formula to calculate suspended sediment carrying capacity based on the relationship between the energy consumption of flow and the needed floating power of sediment. Being verified by broad range of measured data, the formula has a high adaptability and can be used in the Upper Yellow River. The total suspended sediment carrying capacity can be calculated as following: 
and p Ã L can be calculated by Zhang (1988) :
where P L is the graduation of suspended sediment at inlet; p 0 bL is related to the graduation of bed material; w is the weight factor, and its value ranges from 0.62 to 0.85 when the river bed is silted; from 0.64 to 0.86 when the river bed is scoured; and from 0.49 to 0.52 when the river bed keeps the balance of erosion and deposition.
Sediment setting velocity
The sediment setting velocity is a very important parameter in the sediment model. There are a lot of formulae to calculate sediment setting velocity, among which the formula developed by Zhang (1988) is one of the most representative formulae that are suitable for the sediment in the Yellow River. According to Zhang (1988) , the single grain sediment setting velocity in clean water can be calculated as: The sediment concentration in the Yellow River is usually high, which will affect the sediment setting velocity. Therefore, the formula must be modified to take the effect of sediment concentration into account. According to Zhang and Zhang (1992) , the sediment setting velocity in muddy water can be estimated as:
where d 50 is the medium diameter of a group of sediment.
Bedload sediment transport rate
Bedload transport rate is an important parameter that can be computed as following (Dou et al., 1995) :
where
; U c is the incipient velocity of sediment, which can be calculated by: 
Recovering saturation coefficient
Recovering saturation coefficient in (6) and (7) can be evaluated by (Wei et al., 1997) 
The above formula is used to calculate the recovering saturation coefficient in (6) and (7).
Numerical methods
Discretization of the control equations
The general control Eq. (10) is discretized with finite volume method (FVM) (Versteeg and Malalasekera, 1995) . The computational domain is rectangular in the BFC system and can be easily divided into a series of small rectangles, as shown in Fig. 1 . Collocated grid system is adopted in this study. In order to avoid the checkerboard pressure difference, momentum interpolation method (Rhie and Chow, 1983 ) is used. The representative control volume is DV and its centre is node P. The east, west, south and north faces of the control volume are e, w, s and n, respectively. The east, west, south and north neighbour nodes of P are E, W, S and N, respectively. Integrating Eq. (10) over the control volume DV yields:
The first term (i.e. unsteady term, represented by I t ) on the left hand side is discretized by the first order implicit scheme: where Dt, Dn, Dg are time step, spatial steps in n and g directions, respectively. Subscript * represents the variable of the last time step. The second and third terms (i.e. convective terms, represented by I C ) on the left hand side are discretized using an improved QUICK scheme developed by Hayase et al. (1992) . In this scheme, a deferred correction method presented by Khosla and Rubin (1974) is used to improve the QUICK scheme.
where E e ¼ ½jF e 0j U P þ 1 8
In which ½jF e ; 0j ¼ maxðF e ; 0Þ; F e ¼ ðhUDgÞ e ; F n ¼ ðhVDnÞ n . As a result, the scheme has not only the third order accuracy, but is also diagonally dominant and can be easily programmed.
The first and second terms on the right hand side (i.e. diffusion terms, represented by I D ) are discretized using the second order central difference scheme.
The last term on the right hand side (the source term, represented by I S ) can be dealt with using the following local linear method:
where I S UP 6 0. As for momentum equations, the source terms are as following:
The discretized equation of the general governing Eq. (10) using the above discretized scheme is as following:
Collocated grids SIMPLEC algorithm in body fitted coordinate system (Van Doormaal and Raithby, 1984 ) is used to solve the coupled problem of water level and velocities. The discretized equations are five-diagonal, which can be solved using tridiagonal matrix algorithm (TDMA) (Versteeg and Malalasekera, 1995) .
Semi-coupled algorithm for sediment model
In this study, a semi-coupled algorithm is developed by combining the advantages of coupled and decoupled schemes. In the process of long time simulation of sediment transport when river bed changes slowly, the bed elevation change each time step has minimal impacts on flow field, therefore, it is unnecessary to update the hydraulic elements each time step. Thus, in order to reduce the computational cost, the hydraulic module runs intermittently while the sediment module keeps running all the time. In the semi-coupled scheme, after the sediment module starts to run, the hydraulic module will stop running for a certain number of time steps (for example, 1000-5000 time steps), then it will run again. After running for certain time steps (such as 60-120 time steps) to update the hydraulic elements, it will then stop running. The process is repeated until the required accuracy is reached.
Let t be simulating time, t0_flow the initial simulating time for the flow module, t1_flow the flow module working time each time, t2_flow the time interval between two adjacent times when flow module is started, t_max the required simulating time, the procedure of this semi-coupled scheme is detailed as following:
Algorithm of semi-coupled scheme:
Step 1. If t 6 t0_flow, only the hydraulic module is running.
Step 2. If t0_flow < t < t_max, the sediment module is running.
Step 3. If t0_flow < t < t_max, and mod (t, t2_flow) < t1_flow, the flow and sediment modules are running together; otherwise, only the sediment module is running.
Step 4. If t > t_max, stop.
where mod is a function which means modulus and mod (t, t2_flow) is the remainder when t is divided by t2_flow. In this study, time step dt = 12s, t0_flow = 5h, t1_flow = 1 h, t2_flow = 12 h. Numerical experiments indicate that the computational time of the semi-coupled scheme is about 60% of the coupled scheme.
Boundary and initial conditions
We choose two adjacent field measurements to verify the sediment model. The field measurements were conducted on December 6, 2008 and on July 17, 2009, respectively. The time interval between the two measurements is 203 days. Water discharge and sediment concentration are given at the inlet based on values interpolated by field data measured on December 6, 2008 and on July 17, 2009. The turbulence kinetic energy (k) and its dissipation rate (e) at the inlet are calculated using empirical formulae (Rodi, 1993) . On the water outlet boundary, water level specified set based on values by interpolating the field data measured on December 6, 2008 and on July 17, 2009. Other variables are dealt with fully developed condition. On the wall boundary, no-slip boundary condition is applied. The velocity parallel to the river bank at the first cell is estimated using standard wall function (Guo et al., 2008) .
In order to study the flow and sediment transport in the studied reach, four cases are set based on discharge and sediment concentration at the inlet. The boundary conditions of the four cases are presented in Table 1 . Case 1 is set according to the field measured data on December 6, 2008, while Case 2 is set according to the data measured on July 17, 2009. Case 3 and Case 4 are set according to the hydrological data in the past years. Cases 1 and 4 represents the hydraulic conditions of the dry and flood seasons, respectively, while Cases 2 and 3 represents the hydraulic condition of the wet season.
The initial values are based on field measured data on December 6, 2008, including the position of cross-sections, water level, maximum water depth, average water depth, river width, average velocity of 14 cross-sections (see Table 2 ). The initial water level at each grid is set as the same as the water level at the outlet. u, v and S L at each grid are set as zero, except for that at the grids at the inlet. However, k and e cannot be set as zero, otherwise, the simulation process will stop unexpected or be unstable. In the simulations, the initial values of k and e are set as 0.1 m 2 /s 2 and 0.0001 m 2 /s 2 , respectively, based on the authors' experience.
The suspended and bedload sediment on the inlet section is divided into three groups with the medium diameter being 0.0249 mm and 10 mm, respectively. The representative diameters and related percentage for both suspended and bedload sediment are listed in Table 3 . The bed material is divided into six groups, whose representative diameters and their percent content are presented in Table 3 diameter, d a is the sediment diameter that a% is less than that in the size gradation curve (a = 25, 35, 50, 75, 90, 95) .
Mesh generation
In the computational domain, along longitudinal direction (n-direction), 131 grids are assigned, while along transverse direction (g-direction), 31 grids are set. Poisson equation method is used to make body-fitted coordinate transformation and grid generation (Versteeg and Malalasekera, 1995) . The total number of grids and cells are 4991 and 4800, respectively. To better fit the complex boundary, non-uniform meshes with arbitrarily spatially dependent size were used. This allows for locally refining the concerned regions (e.g. near bends) with small meshes and has the advantage of flexibly assigning meshes in the computational domain. Along transverse direction, there are 30 cells, in which 5 non-uniform cells near left bank and near right bank, respectively. The gird length of the 5 cells near bank increases from bank to interior. Fig. 2 shows the mesh distribution near banks and bends.
Results and discussion
Description of the numerical simulation
The Shapotou Reservoir in the Yellow River is located in Ningxia Hui Autonomous Region in China. The studied reach is about 13.4 km long, as shown in Fig. 3 . Twenty cross-sections (e.g. SH1-SH15, SHJ1-SHJ5) are assigned in the studied reach, in which SH15 is the inlet, and SH1 is the outlet. The studied reach consists of five bends: Bend A (from SH15 to SH13), Bend B (from SH13 to SH11), Bend C (from SH11 to SH7), Bend D (from SH7 to SH2) and Bend E (from SH2 to SH1). Bends A and B are near the exit of the Heishan Gorge, where the river is deep and narrow, and the current is rapid. The averaged water width at bend A and Bend B is about 135 m with the normal water level gradient being about 0.03%. Bends C, D and E are near the Shapotou Dam, where the river is wide and shallow (the averaged water width is about 300 m), and the current is slow. The normal water level gradient is about 0.006%.
In the simulation, the semi-coupled algorithm about flow and sediment modules in the plane 2D RNG k-e sediment model is applied. The software of Matlab 7.1 is used to program, and the numerical simulation is conducted in an IBM work station. The CPU of the work station is two cores Intel Ò Xeon 2.0 GHz; the memory is 4.0 GB; the operation system is Ghost-Server2003 SP2. Typical numerical simulation takes about 16 days.
Sediment setting velocity
The sediment setting velocities of the six representative groups in the studied reach are calculated by (19) and modified by (20), as shown in Table 4 .
The sediment setting velocity is affected by the sediment concentration. Here we assume that the sediment concentration is S = 10 kg/m 3 and the sediment concentration by volume is S v = S/ q s = 0.038 (q s = density of sediment = 2650 kg/m 3 ). It is seen that the same sediment concentration has different influence for the setting velocity of various grain size groups. The correction rate is bigger for fine sediment than that for coarse sediment. In other words, sediment concentration has larger influence for fine sediment than for the coarse one.
Suspended sediment carrying capacity
The suspended sediment carrying capacity is calculated using (17) and (18) for different group sediment carrying capacity. Because the numerical results about suspended sediment carrying capacity of the four cases are similar, only the result under the condition of Case 2 is presented in this paper. Fig. 4 shows the distribution of the sediment concentration, the total and the group suspended sediment carrying capacities along the centerline of the studied river reach. As shown in Fig. 4 , both the total and the group sediment carrying capacity decrease along the way as a whole. It can also be found that the carrying capacity of the second sediment group is the largest among the three sediment groups, while the carrying capacity of the third sediment group is the smallest, which is consistent with the sediment concentration of the three groups at the inlet.
Bedload sediment transport rate
In this study, four different methods are applied to calculate bedload sediment transport. The first method (Method I) is to calculate group bedload transport rate by (22), then summing them together to obtain the total transport rate. The second method From Table 5 , it can be seen that the bedload transport rates calculated using the four methods are different. Generally speaking, for non-uniform bedload sediment, it would be more accurate to Table 3 The initial percent content of bed materials, suspended sediment and bedload. divide bedload sediment into several groups when computing its transport rate. Therefore, the result calculated using Method I is most reliable. The result calculated by Method II is closer to the result of Method I, indicating that the transport rate of non-uniform bedload sediments can be calculated using the formula for computing the transport rate of uniform bedload sediments when the representative sediment diameter is chosen as d 35 for the flow and sediment conditions investigated here. This result is consistent with the conclusion of Einstein (Zhang, 1988) . Fig. 5 shows the comparison of the simulated and field measured (on July 16 2009) depth averaged velocities on three selected crosssections, i.e. SH7, SH5, SHJ2. which are near the inlet, apex, and outlet of Bend D, respectively. Fig. 5 (1) also shows the comparison of the depth averaged velocities calculated using two methods: Simulation 1 and Simulation 2. In Simulation 1, the circulation flow is not taken into account, while this has been taken into account in Simulation 2. It is seen that the simulated velocity using the second approach is better compared to the measured data than that using the first method, indicating that the modified plane 2D RNG k-e model is capable of simulating the effect of the circulation flow in natural rivers. In general, good agreements between simulated and field measured velocities at three cross sections are obtained. Fig. 6 is the plot of the simulated and field measured (on July 17 2009 bed elevation along the longitudinal direction. It is seen that the simulated bed elevation is in good agreement with the measured data. From SH11 to SH9, the river bed is scoured, while from SHJ5 to SH2, the river bed is deposited. The deposit thickness varies significantly from SH2 to SH5 with the largest deposition taking place in SH2 (where the average deposit thickness is over 1 m), while little deposit takes place at SH5 (where the average deposit thickness is only about 0.01 m).
Comparison between measured and calculated velocities
Comparison between measured and calculated river bed deformation
In Fig. 7 , the measured and the simulated bed elevations on three typical cross sections are plotted. The three cross sections are SH10, SHJ5 and SH7, which are near the inlet, the bend apex, and the outlet of Bend C, respectively. It is seen from Fig. 7 that the simulated bed elevation agrees well with the measured data on these cross sections, indicating that the 2D depth averaged RNG k-e sediment model can reasonably simulate the bed deformation in the studied reach. The bed on SH10 is scoured as a whole except some tiny areas near the river banks. The bed near the left bank of SHJ5 and SH7 is deposited and the bed near the right bank of the two cross-sections is scoured. Because the left bank is the convex bank, while the right bank is the concave bank in Bend C, the above phenomenon is in consistence with the general rule of sediment transport in a bend. Fig. 8 shows the distribution of suspended sediment concentration along the centerline of the studied reach under the condition of Case 2 with the sediment concentration at the inlet being set as 0.51, 3.53, 10 and 20 kg/m 3 , respectively. From Fig. 8 , it is seen that the suspended sediment concentration in the studied reach increases with increasing the suspended sediment concentration at the inlet. As the river of the studied reach becomes wider and shallower as the current moves downstream, the current becomes slower and the sediment carrying capacity becomes weaker accordingly along the way, leading to the decrease of the suspended sediment concentration along the way. 
Suspended sediment transport
The effect of discharge on river bed deformation
In order to investigate the effect of the discharge at the inlet on the bed deformation, numerical simulations were conducted for four cases. The conditions of the four cases are shown in Table 1 except that the sediment concentration at the inlet is set as 3.53 kg/m 3 . Fig. 9 shows the simulated bed elevation after 10 days development for all four cases. The bed is deposited near the inlet for Cases 1 and 2, while the bed is scoured near the inlet under the condition of Cases 3 and 4. The reason is that the average velocities for the Cases 1 and 2 are small, and the suspended sediment capacities are smaller than the sediment concentration. As a result, the bed is deposited near the inlet. However, after current moves a certain distance, a balance between deposition and scour is reached.
The position of balance is about 9.5 km from the inlet for Case 1, and it is near SH5; while for Case 2, it is about 10.5 km from the inlet and near SH4. The discharges and average velocities of the Cases 3 and 4 are larger, and the suspended sediment capacities of the two cases are larger than sediment concentration. Therefore, the bed is scoured near the inlet. Similar to Cases 1 and 2, a balance between deposition and scour is reached after the current leaves the inlet a certain distance. For Case 3, the position is about 4.5 km from the inlet and near SH10; while for Case 4, the position is about 6 km from the inlet and near SH9. From above analysis, it can be concluded that the discharge at the inlet has significant influence on the bed deformation near the inlet. However, after the current moves a certain distance, the influence becomes weaker and weaker.
River bed deformation caused by bedload sediment
Though the bed deformation is mainly caused by the suspended sediment transport, the bedload sediment transport can also have significant effect on the bed deformation for some certain situation. The numerical simulation is conducted under the conditions of the four cases with the sediment concentration at the inlet being 3.53 kg/m 3 . Fig. 10 shows the percentage of the absolute thickness deposited or scoured by suspended and bedload sediments for four typical cases after 10 days development, respectively. It can be seen that the thicknesses deposited or scoured due to the suspended or bedload sediment transport is quite different. In Cases 1 and 2, the percentage of bed deformation caused by bedload sediment is less than 1%, which can be neglected. In Case 3, the percentage is less than 3% and is still very small and can be neglected. In Case 4, the percentage is about 10%, which cannot be neglected. Therefore, it can be concluded that the bed deformation caused by bedload sediment can be neglected when the discharge at the inlet is small (less than 1500 m 3 /s in this study). When the discharge at the inlet is larger (more than 2000 m 3 /s in this study), however, the bed deformation caused by bedload sediment has to be taken into account.
The variation of effective bed material granularity
Bed material becomes finer or coarser when the bed is deposited or scoured and it is worth of investigating. Because the simulated results for four cases are similar, only the numerical result of Case 4 is presented and discussed in this paper. Under the , respectively. Fig. 11 shows the variation of effective bed material granularity along the river flow direction after 20 days. In Fig. 11 , the axis x is the distance from the inlet, and the axis y is the percentage of each group effective bed materials. The percentage of the initial bed material for the six groups is 0.2%, 3.8%, 17.9%, 12.7%, 36.5%, 28.9%, respectively, as shown by the dash line in Fig. 11 .
When S in = 0.51 kg/m 3 , the river bed is scoured as a whole and the bed material size gradation changed after 20 days' scouring. In Fig. 11(a) , it is seen that the percentage of the first three groups (Groups 1-3) of bed material decreased compared the initial value, especially for Groups 2 and 3. The decreasing tendency becomes weaker with the distance and reaches the minimum at the distance of 8.5 km from the inlet (near SH6). Meanwhile, the percentage of the last three groups (Groups 4-6) of bed material increased compared with the initial value. This means that the bed material composition will become coarser when the bed is scouring. However, after SH6, the sediment concentration at the inlet has little influence to the bed deformation and variation of bed material granularity, as shown by Figs. 9 and 11.
When S in = 10 kg/m 3 , the situation is different and complicated. As shown in Fig. 11b , the bed material percentage of Groups 1-3 increases, while the percentage of Groups 4-6 as a whole compared with the initial value. In Fig. 11b , it can also be found that the percentage of the first three groups of the bed material increases with the distance and reaches the maximum near SH6. The percentage of these groups then decreases with the distance. To the contrary, the last three groups of the bed material decreases with the distance and reaches the minimum near SH6 and increases again to the outlet. This means that the river bed becomes finer compared with the initial value when it is deposited. Similar to the condition when S in = 0.51 kg/m 3 , after SH6, the sediment concentration at the inlet has little influence to the bed deformation and variation of bed material granularity.
Conclusions
In this study, a 2D depth averaged RNG k-e sediment model including the effects of secondary currents is developed, which considers the effects of the non-uniform suspended and bedload sediment transport on the bed deformation. In the model, the variation of effective bed material granularity is included. A semi-coupled scheme is developed by combining the coupled and decouple schemes to improve the accuracy of the numerical simulation (comparing with the decoupled scheme) and save computational time (comparing with the coupled scheme). A series of numerical simulations have been performed for four typical cases to investigate the sediment transport and bed deformation in the upper reach of the Yellow River. Comparison between the numerical results and field measurements indicates that the 2D depth averaged RNG k-e sediment model can reasonably simulate the sediment transport and the resultant bed deformation of rivers with continuous bends. River bed deformation induced by suspended and bedload sediment transports has been investigated. It is found that the bed deformation caused by bedload sediment transport can be neglected when the discharge at the inlet is small (less than 1500 m 3 /s in this study). The results also show that the discharge at the inlet has large influence on the bed deformation near the inlet. The influence, however, becomes weaker as the flow moves downstream.
The variation of effective bed material composition has been examined. It is concluded that the bed material composition becomes finer when the bed is deposited. When the bed is scoured, the bed material composition becomes coarser. The bed material composition becomes finer along the way in the studied reach no matter it is deposited or scoured. The sediment concentration at the inlet has significant influence for bed material granularity near the inlet. However, the influence becomes weaker with the distance from the inlet.
